We review our recent work on chirped-pulse phase-sensitive optical time-domain reflectometry along optical fibers and its application in the measurement of true nanostrain variations in the kHz frequency range over km-long fibers. We also show how this technique can be used to perform distributed photothermal measurements of gas presence in suitable microstructured fibers.
INTRODUCTION
Distributed optical fiber sensing using phase sensitive optical time domain reflectometry (ϕ OTDR) [1] is gaining increasing attention due to its potential application in pipeline surveillance and perimeter protection [2] . In ϕ OTDR a pulse of highly coherent light is injected into a conventional single-mode fiber and the Rayleigh backscattered light is monitored in the time domain, which is then associated with fiber position using the time of flight of the light pulses in the fiber. As coherent pulses are used, the ΦOTDR signal will be the result of the coherent interference between the fields which are Rayleigh backscattered from multiple scattering centers along the fiber [1] . Typically, the resulting detected intensity will present a random noise-like shaped pattern. This pattern will remain constant and reproducible if the fiber and measuring conditions do not change over time. Perturbations in the fiber (typically linked to temperature or strain variations) can be detected by monitoring local changes in the ΦOTDR trace [3] . The signal-to-noise ratio (SNR) of the detected trace can be engineered to be fairly large, hence allowing for single-shot measurements. Traditional phase-sensitive ΦOTDR (single frequency, without phase recovery) can then allow for distributed vibration measurements with a high bandwidth, only limited by the fiber length. The acoustic bandwidth detectable in each case is 10's of kHz for a few kilometers [3] , up to 100's of Hz for more than 100 km [4, 5] . These measurements however, are based on intensity variations of the ΦOTDR signal, which do not show a linear variation with the applied perturbation.
While the intensity variations of the ΦOTDR signal cannot be predicted for a given perturbation, the changes in optical path difference between the scattering centers induced by a uniform refractive index change ∆n can be compensated by a shift of the pulse frequency Δʋ, which allows the recovery of the original ΦOTDR pattern. Assuming small refractive index changes (∆n<<n), the necessary Δʋ to compensate for a given ∆n can be derived from [6] :
Where ʋ0 is the central frequency of the pulse and n the effective refractive index of the fiber. Based on this principle ΦOTDR systems have been demonstrated to allow for very sensitive, quantitative measurements of temperature/strain [6] and birefringence [7] with high measurand resolutions. With these techniques, the demonstrated temperature resolutions (typ. <10 mK) [6] are two orders of magnitude below the typical resolutions of ≈1 ºC provided by Brillouin or Raman sensors. However, in this case, a frequency sweep of the pulse is required, which greatly increases the measurement time, typically up to a few seconds or a few minutes. The system turns out then to present similar tradeoffs to traditional Brillouin temperature sensors, having a temperature resolution and range which is dependent on the used frequency scan step and range. High measurand resolutions over long ranges can therefore be highly time consuming. The maximum achievable resolution is also limited by the pulse spectral content [7] , in a somewhat similar manner to the temperature resolution limitation imposed by the spectral width of the Brillouin gain curve in Brillouin sensors.
A single-shot alternative for performing true temperature/strain measurements in ΦOTDR is achieved by performing phase recovery of the backscattered signal [8] . This phase depends linearly and predictably on the temperature/strain applied to the fiber. However, recovering the phase of the backscattered field is fairly complex and strongly polarization dependent. Fading positions are expected to yield points of no sensitivity. Moreover, in this case, the system is more complex and laser coherences of at least the fiber size are required in order to avoid noise when beating the signal with the local oscillator. The long termstability of such systems (i.e. after several minutes or hours) has not been clearly addressed either.
Here we review our recent work on chirped-pulse ΦOTDR systems [9] . These systems use linearly chirped pulses in a ΦOTDR to achieve a frequency-to-time mapping of the fiber response over long lengths and in a single-shot. The technique uses only intensity detection, and no frequency scan or local oscillator is needed. The system does not present fading positions unlike the phase-measuring ΦOTDR. With the proposed method, it is possible to combine the best features of ΦOTDR which had been previously demonstrated by separate: fast measurements with a bandwidth only limited by the fiber size, and measurement of temperature/strain variations with resolutions which can be several orders of magnitude below those provided by e.g. Brillouin.
Since the measurement is relative, the total range of temperature/strain variation is in principle not limited, being in practice determined only by how the cumulative errors are handled. The technique allows measurements at kHz rates, while maintaining reliability over several hours. The sensitivity can also be tuned by acting on the chirp of the pulses. Temperature/strain resolutions of mK/(4nε) have been readily demonstrated.
WORKING PRINCIPLE
Chirped-pulse phase-sensitive reflectometry originates from the principle described in (1) that a refractive index change Δn in the fiber can be compensated (in terms of the shape of the trace) by a frequency shift Δʋ of the pulse sent into the fiber. This is the same principle as used in [6] , and is typically implemented by performing a laser frequency sweep. In the chirped-pulse case, however, instead of requiring a time-consuming frequency sweep to determine Δʋ and calculate Δn, a single pulse which has linear chirp is used. Since different positions of the pulse have different frequencies, when a Δn is applied, the same trace pattern at a given position can be generated by a temporally-shifted region of the pulse, leading essentially to a longitudinal shift Δt of the local ΦOTDR trace. It is then possible to calculate Δʋ (and consequently Δn and the temperature or strain shift) from Δt, which is obtained directly from the time-domain trace measurements. Thus, in our method, a single trace measurement should be sufficient to determine temperature/strain changes [9] .
In summary, while traditional ΦOTDR systems measure intensity variations of the points along the trace over time, chirped-pulse ΦOTDR sensors analyze the local ΦOTDR trace shifts that occur along the fiber. To obtain these, the fiber is measured at consecutive times by sending the same linearly chirped pulses into the fiber. The resulting traces are divided into spatial windows of analysis. The same spatial windows in the two traces are cross-correlated to obtain the local delay at each position. The refractive index changes occurring in the fiber between consecutive traces can then be calculated using:
Where ν0 is the central frequency of the pulse, τp is the pulse width and δν is the spectral content of the chirped pulse. Note that depending on how the chirp slope is defined (positive/negative along the time axis), a +or -sign will be required in eq.2. A detailed explanation of this working principle, including a full theoretical model derived from the pulse propagation equations can be found in ref. [9] .
MEASUREMENT OF TRUE NANOSTRAIN VARIATIONS AT KHZ RATES
In an experiment to characterize the dynamic strain sensing capability of the sensor, the last 20 m of a 1 km long fiber section were strapped around a PZT, which applied deformations controlled by an electrical input. The ΦOTDR traces were acquired with a frequency of 4 kHz. The dynamic strain measurements are presented in Fig. 1 . Fig. 1(a) presents the measured strain when a 1 Hz sinusoidal strain is applied to the fiber by the PZT, with a maximum amplitude of 100 nε. As it is clearly observed, a good agreement between the experimental measure and the applied strain is observed. Furthermore, the quantization error (set by the system minimum temporal resolution, i.e., the sampling period) is clearly observed, thus demonstrating the resolution limit of the system (in this case in the order of 4 nε). It should be mentioned that in this case, the total measured strain was calculated by simply using the strain variations calculated with reference to the first trace of the measurement (at t=0). This was possible as the frequency shift (17 MHz) correspondent to the maximum applied strain (±100 nε) was significantly lower (<1 %) than the pulse total spectral content (2.32 GHz) in this case. 
DISTRIBUTED PHOTOTHERMAL SPECTROSCOPY IN MICROSTRUCTURED FIBERS
Recently, chirped-pulse ΦOTDR enabled the development of a new scheme to perform fully distributed, spatially-resolved detection of gas species along holey optical fibers with spectroscopic selectivity and suitable for a variety of chemicals with a single configuration. This method is based on realizing wavelength-modulated photothermal spectroscopy in a microstructured optical fiber (MSF), and probing the resulting heat distribution along the fiber using a dynamic distributed temperature measurement with mK resolution, enabled by chirped-pulse ΦOTDR. In this scheme, the evanescent field escaping the core of the fiber due to a propagating continuous wave (CW) signal is used to thermally excite the target chemical species, present in the close vicinity of the fiber core. When tuned on a gas molecular absorption line, the laser light absorbed in the gas causes heating by non-radiative molecular relaxation. The temperature changes along the fiber are determined with a fast and high-resolution readout using chirped-pulse ΦOTDR [23] . Wavelength modulation in the heating laser allows to easily discriminate the ambient temperature variations from the actual presence of gas. The use of molecular absorption lines provides the system with spectroscopic selectivity and reduced cross-sensitivity to environmental changes. However, since the measured quantity is the temperature, the vast majority of the system can work as a conventional distributed temperature sensor, i.e. the majority of the system components can operate at the conventional telecom window of 1.55 µm. The system can thus potentially reach the performances of range and resolution already demonstrated in previous configurations.
A proof-of-concept experimental demonstration of this idea has been carried out using a 10-m long MSF with the crosssection shown in Fig1(a). The fiber holes are filled with acetylene at low pressure. The temperature distribution along the fiber core was monitored continuously and dynamically with high temperature resolution using a chirped-pulse ΦOTDR system [23] . At the same time, a laser source tuned around the P9 line (~1530.4 nm) of the acetylene gas spectrum was launched into the fiber and used as a heating pump in order to induce photothermal heating in the gas upon absorption of the evanescent field escaping from the fiber core. As the gas temperature increases, heat is transferred to the fiber core, producing a small but detectable change in its temperature. The temperature change induced by photothermal absorption in this volume is in the order of hundreds of mK. In order to eliminate the effect of the slow contribution on the temperature measurements, a periodic wavelength modulation of the heating laser was made. This modulation was generated by adding a ~1 mA amplitude sine oscillation with a frequency 50 mHz to the current of the heating pump. This additional current corresponds to a peak wavelength displacement of about 6.1 pm. The wavelength modulation of the heating pump causes a periodic heating at the same frequency, which is analyzed by means of the Fourier transform in time applied of the data registered over 30 minutes. The spectral content present in the heating map normalized for each point z, is shown in Fig.  2(a) . As it is visible, we observe the modulation frequency and some of its first harmonics.
In summary, chirped-pulse ΦOTDR offers unprecedented levels of measurement speed, resolution and robustness whose applications are yet to be defined. Interesting new outcomes of this technique are expected in the future. 
